Mosquito oviposition site selection is essential for vector population dynamics and malaria epidemiology. Irrigated rice cultivations provide ideal larval habitats for malaria mosquitoes, which has resulted in increased prevalence of the malaria vector, Anopheles arabiensis, in sub-Saharan Africa. The nature and origin of the cues regulating this behaviour are only now being elucidated. We show that gravid Anopheles arabiensis are attracted and oviposit in response to the odour present in the air surrounding rice. Furthermore, we identify a synthetic rice odour blend, using electrophysiological and chemical analyses, which elicits attraction and oviposition in laboratory assays, as well as attraction of free-flying gravid mosquitoes under semi-field conditions. This research highlights the intimate link between malaria vectors and agriculture. The identified volatile cues provide important substrates for the development of novel and cost-effective control measures that target female malaria mosquitoes, irrespective of indoor or outdoor feeding and resting patterns.
nutrients 33 and creating predator-free habitats 34 , respectively. Thus, female mosquitoes that select breeding sites within irrigated rice and other cereal cultivations have the potential to increase their own fitness by providing their offspring with selective advantages. We show that gravid An. arabiensis, one of the predominant mosquito species in rice cultivation 35, 36 , are attracted to the odour of rice, irrespective of the phenological stage of the plant, and identify a synthetic blend of rice-volatiles that acts as a long-range attractant and elicits oviposition under laboratory and semi-field conditions. The manipulation of the odour-mediated oviposition site selection behaviour of gravid adults has distinct potential as a tool in the future control of malaria vectors. Here, we take a significant step toward the development of a long-sought-after control tool for gravid malaria mosquitoes, by identifying the first blend of odours to be used as a synthetic lure.
Results
Gravid malaria mosquitoes are attracted to rice odour. Searching female mosquitoes make choices at increasingly refined scales, from habitat finding to resource acceptance 37 . Here, we investigate the nature and origin of the cues regulating the oviposition site selection in rice cultivations by An. arabiensis. To investigate whether An. arabiensis respond behaviourally to the odour compounds present in the air surrounding rice, we collected the headspace odour from two available rice cultivars, MR1 and MR3, at three different phenological stages: tillering, booting and flowering. Gravid mosquitoes showed a significant dose-dependent attraction to the headspace odour extracts of both MR1 and MR3 cultivars in a two-port olfactometer bioassay (Fig. 1a) . This finding was independent of phenological state, when compared to the hexane controls (Supplementary Fig. 1 ; Supplementary Table 1 ) and the headspace odour extract of the breeding water collected from natural larval habitats of An. arabiensis (Supplementary Fig. 2 ; Supplementary Table 2), and indicates that rice volatiles can attract these mosquitoes over the short range. Similarly, gravid mosquitoes preferred to lay their eggs in water treated with the headspace odour extracts of all phenological stages of the MR1 and MR3 cultivars over controls (Supplementary Figs 3 and 4; Supplementary Tables 3 and 4 ) in a two-choice oviposition assay (Fig. 1b) .
Since no significant differences were observed among the behavioural responses to the headspace of the phenological stages of either of the cultivars ( Supplementary Figs 1-4 ; Supplementary Tables 1-4), the headspace extracts from all stages were pooled for each cultivar to use in subsequent behavioural assays. While the pooled headspace of each cultivar was dose-dependently attractive and elicited oviposition when compared to hexane ( Fig. 1c-f ; Supplementary Table 5) and breeding water controls (Supplementary Figs 5 and 6;  Supplementary Tables 6 and 7) , the pooled MR3 headspace extract was preferred by gravid mosquitoes over that of MR1 in both assays (Fig. 1g, and Supplementary Fig. 6c ; Supplementary Tables 5 and 7 ). The behavioural observations showed that gravid mosquitoes are both attracted and oviposit in response to rice odour, and capable of discriminating between odour profiles emitted by different rice cultivars.
A complex odour blend drives mosquito oviposition behaviour. As olfactory cues are detected mainly by the antenna in mosquitoes, we next tested the response of gravid mosquitoes to individual rice odour compounds of the preferred MR3 pooled headspace extract using combined gas chromatography and electroantennographic detection (GC-EAD; Fig. 1i ). Of the eight compounds eliciting antennal responses (Fig. 1j) , ß-caryophyllene, decanal, sulcatone (6-methyl-5-hepten-2-one) and limonene were previously identified in other rice cultivars 38 . The antennal response to sulcatone was variable across trials (* in Fig. 1j ), but was included in further behavioural experiments to validate its role as an active component of the natural blend. The overall volatile release rate was 24 ng min −1 , with limonene and nonanal as the most abundant compounds (Fig. 1j) .
A synthetic blend of all the eight GC-EAD-active compounds identified in the MR3 headspace, in their natural ratio (Fig. 1j) , elicited short-range attraction and oviposition in gravid An. arabiensis at the intermediate doses tested (Fig. 1k,l ; Supplementary Table 5 ). In contrast, at the highest doses, the mosquitoes were either indifferent to, or avoided, the treatment. The release rates and ratio of individual compounds within the blend, in each assay, were found to be consistent with the synthetic blend, as determined by headspace odour analysis ( Supplementary Fig. 7 ). Subtraction of individual components from the full blend, released at the lowest effective dose tested (10 ng), did not significantly reduce the attraction of gravid females in the two-port olfactometer against a pentane control, when compared to the attraction response to the full blend, with the exception of the removal of nonanal (Supplementary Fig. 8 ; Supplementary Table 8 ). However, nonanal by itself was unable to elicit attraction equivalent to that of the full blend ( Supplementary Fig. 8 ). In contrast, the oviposition response of gravid females was significantly reduced in the two-choice oviposition assay with a pentane control, when compared to the oviposition response to the full blend, for all the subtractive blends, except ß-pinene (Supplementary Fig. 9 ; Supplementary Table 9) . Thus, to induce the full behavioural repertoire, the complete blend is required.
Gravid mosquitoes show long-range attraction to the rice blend. An evaluation of the synthetic MR3 odour blend, in large (10.8 m × 6.7 m × 2.4 m) outdoor screened-in enclosures (Fig. 2a) in Kenya, revealed that oviposition site-seeking An. arabiensis were attracted over the long-range and caught in a dose-dependent manner in recessed BG sentinel traps 39 ( Supplementary Fig. 10 ). Based on this experiment, the most cost-effective release rate tested (3 ng min −1 , based on the release rate of α -pinene) was used in further trials. Gravid An. arabiensis were significantly attracted to the full synthetic blend (Fig. 2b) when compared against the solvent control (heptane). No significant difference was found between the solvent controls when tested in a pairwise fashion (Fig. 2c) .
Discussion
Gravid An. arabiensis are attracted and stimulated to oviposit by rice plant volatiles under laboratory and semi-field conditions. This has the potential of strengthening the spatial association between the malaria vector and the agricultural landscape. Additional experiments are, however, required to verify that malaria mosquitoes use rice odours to locate appropriate oviposition sites in the wild. Female mosquitoes were attracted to volatiles emitted by all stages of the rice plant, which concurs with field observations showing that the larvae are present in rice cultivation throughout the growing season (s), with varying abundance 27, 33 . Rice volatiles thus can play a significant role in the maintenance of vector populations, along with other aspects of rice cultivation that modulate female choice, including water availability, insecticide-and fertiliser-use, and vegetation density creating obstruction and shade 24, 27, [33] [34] [35] [36] . The selective advantage for this association is yet to be conclusively determined. The enhanced availability of food in rice fields due to microbial growth in response to nitrogen surplus and water turbidity following fertiliser application 33 , along with the reduction of competition and predators, by insecticide treatment 34 , are possible drivers for this adaptive selection. Mosquitoes use volatiles originating from plants as attractants and stimulants for oviposition 40 . While gravid anopheline mosquitoes display preferences for volatiles associated with living plants 41 and microbes associated with their larval habitats 19, 20 , culicines prefer those associated with the microbial fermentation of plant tissues 25, 42 . Here, we have identified a long-range plant odour-based attractant blend of readily available and affordable organic compounds for gravid malaria mosquitoes, providing the integrated vector management community The headspace of the MR3 rice cultivar significantly attracted (g) and elicited oviposition (h) of mosquitoes over that of the MR1 cultivar (g, χ 2 = 7.080, P = 0.0078; h, χ 2 = 5.822, P = 0.0158). (i) Schematic of the combined gas chromatograph (GC) and electroantennographic detection (EAD) analysis. FID, flame ionization detector (courtesy of Dr Majid Ghaninia). (j) EAD traces depict voltage changes (mV) in response to the bioactive compounds in the headspace of the MR3 rice cultivar, eluting from the GC and registered by the FID. Note that the intensity of the response to sulcatone was variable and denoted here by an asterisk in the GC-EAD trace. The identity and release rate of the bioactive compounds are shown at the left. A synthetic blend composed of the bioactive compounds identified, in their natural ratio (j), elicited attraction (k) and stimulated oviposition (l) in gravid mosquitoes in a dose-dependent manner (k, χ 2 = 18.34, P < 0.0001; l, χ 2 = 32.93, P < 0.0001). Error bars represent standard errors of the mean. Statistical significance was tested using nominal logistic regression (likelihood ratio test). Ten replicates of 10 mosquitoes each were used in each behavioural experiment. All diagrammatic representations, other than in i, are courtesy of Pixabay, an open source image database.
with new perspectives for developing a tool that targets gravid anophelines regardless of feeding and resting preferences. The revelation that rice plant volatiles attract gravid anophelines, together with the suitability of irrigated cereal cultivations as larval habitats [20] [21] [22] , strongly indicates that further analysis of the oviposition ecology of anophelines within these agro-ecological habitats is likely to produce additional targets for the development of odour-based attractants. While the identified blend consists of numerous ubiquitous plant compounds, previously shown to drive host plant selection in herbivorous 43, 44 , the composition and ratio of this blend is novel, and it is this combination that results in the efficacy of this blend affecting malaria mosquito behaviour. The current malaria vector control strategies in widespread use, the IRS and LLINs, which focus on indoor feeding and resting mosquitoes, may benefit greatly from the addition of a complementary odour-based tool targeted against gravid females. As the next step following this pre-field study, we intend to test the rice odour blend under field conditions to evaluate its efficacy in relation to natural odours in the landscape.
Materials and Methods
Animal model. Anopheles arabiensis, Mwea and Dongola strains, were used for behavioural (International Centre of Insect Physiology and Ecology, Kenya; ICIPE) and electrophysiological (SLU, Sweden) analysis, respectively. The mosquitoes were maintained at 27 ± 2 °C, 75 ± 5% relative humidity under a 12 h light/12 h dark photoperiod. For laboratory experiments, larvae were reared in distilled water and fed Tetramin ® fish food (Tetra, Melle, Germany). Alternatively, for semi-field experiments, larvae were reared in water from Lake Victoria and fed on ground Go-Cat ® food (Nestlé Purina Petcare company, Nairobi, Kenya). Adults were maintained in cages (30 cm × 30 cm × 30 cm; custom made or Bugdorm, MegaView Science, Talchung, Taiwan), kept under laboratory (27 ± 2 °C, 75 ± 5% relative humidity) or ambient outdoor conditions (ICIPE, Mbita, Kenya), and provided with 10% honey or sucrose solution ad libitum. Five days post-emergence, females were offered sheep blood from an artificial feeder (SLU, Hemotek, Discovery Workshops, Accrington, UK), rat blood (ICIPE, Nairobi) or the arm of a volunteer (ICIPE, Mbita) once every day for two days, 15-30 min per day. For all experiments, gravid females, 3 days post-blood feeding, were selected by visually inspecting the enlarged pale white abdomen and used for bioassays.
Headspace volatile collections. Headspace volatiles of MR1 and MR3 rice cultivars (150 replicates per stage) were collected in Saudi Star Agriculture and Irrigation Project in Gambella, Ethiopia. These available cultivars have desirable agronomic characters, including high yield, aeration seeding, moderate resistance to lodging, and are able to grow under rain-fed and irrigated conditions. The above-ground parts of intact rice plants in the field, at tillering, booting and flowering stages were enclosed in polyamide bags (Toppits, Cofresco, Germany). In addition, the headspace volatiles of water from natural breeding sites (200 replicates) were collected from 1 l poured into a Teflon bag. These sites were selected from pools at the edge of Lake Ziway, Ethiopia that contained Anopheles gambiae sensu lato larvae. A charcoal-filtered continuous airstream (1.0 l min −1 ) was drawn by a Personal Air Sampler (PAS-500, Spectrex, Redwood City, CA, USA) over the rice plant, or by a diaphragm vacuum pump (KNF Neuberger, Freiburg, Germany) over the breeding water, onto an aeration column for 2 h. Aeration columns were made of Teflon tubing (6 cm × 3 mm id), holding 35 mg Super Q (80/100 mesh; Alltech, Deerfield, IL, USA) between polypropylene wool plugs and Teflon stoppers. The columns were rinsed with 1 ml re-distilled n-hexane (LabScan, Malmö, Sweden) before use. Adsorbed volatiles were eluted with 300 μl re-distilled n-hexane, in order not to dilute the sample, or risk evaporation, between aeration and subsequent GC-EAD and GC-MS analyses. Headspace volatile extracts from each cultivar and phenological stage were pooled separately and then stored in glass vials at − 80 °C until used for behavioural, electrophysiological and chemical analyses. Two-port olfactometer. A two-port still air olfactometer was used to test the mosquito attraction preference for the headspace volatiles collected from the different phenological stages of the MR1 and MR3 cultivars, and from natural breeding water. All assays were conducted between 18:00 and 21:00 local time under red light (200 lx) conditions (icipe, Nairobi), the peak oviposition activity as determined in pilot experiments. For each replicate, 10 gravid females were allowed to acclimatize for 5 min in a custom-made cage ( No significant difference in attraction preference was found between the headspace breeding water when compared directly against the hexane control. The behavioural response to the two rice cultivars was analysed to increasing release rates of the headspace volatile extract from all phenological stages of MR1 and MR3. After five minutes, the period after which there was no net increase in mosquitoes in each arm, the behavioural responses of the mosquitoes were scored by counting the number of mosquitoes in each port after five minute. Ten replicates per treatment and per dose were performed. Between each trial the bioassay was cleaned with 70% ethanol and the position of the treatments changed to avoid bias.
Oviposition bioassay. The oviposition preference of gravid mosquitoes was analysed in a two-choice assay.
Custom-made metal wire framed cages (30 cm × 30 cm × 30 cm) covered with white nylon mosquito netting were used. Two 100 ml polypropylene cups (Qingdao Ori-Color Industry and Commerce Co., Ltd., China), placed in opposite corners of the cages, and filled to the brim with distilled water or field collected breeding water, served as the oviposition substrate, as indicated. The position of the cups was exchanged between experiments. Treatment cups were conditioned by dispensing the headspace volatile extracts of the three phenological stages of MR1 and MR3 as described above directly onto the oviposition substrate; hexane was used as a control. An additional comparison between the headspace volatiles of the pooled phenological stages of MR1 vs. headspace volatiles of the pooled phenological stages of MR3 conditioned breeding water was performed for the oviposition assays. No significant difference in oviposition preference was found between the breeding and distilled water when compared directly against each other. Ten gravid mosquitoes were transferred from the maintenance cage at dusk (18:00), and the numbers of eggs in the two cups were counted on the following day (09:00). All experiments were replicated ten times.
Electrophysiological analysis. Antennal responses of gravid female An. arabiensis to the pooled headspace extract of the three phenological stages of the MR3 rice cultivar were analysed using combined gas chromatography and electroantennographic detection (GC-EAD). An Agilent Technologies 6890 GC (Santa Clara, CA, USA) was equipped with a HP-5 column (30 m × 0.25 mm id, fused silica, 0.25 μ m film thickness, Agilent Technologies), and hydrogen was used as the mobile phase at an average linear flow rate of 45 cm s −1 . Each sample (2 μ l) was injected in splitless mode (30 s, injector temperature 225 °C). The GC oven temperature was programmed from 35 °C (3 min hold) at 10 °C min −1 to 290 °C (10 min hold). At the GC effluent, 4 psi of nitrogen was added and split 1:1 in a Gerstel 3D/2 low dead volume four way-cross (Gerstel, Mülheim, Germany) between the flame ionization detector and the EAD. The GC effluent capillary for the EAD passed through a Gerstel ODP-2 transfer line, which tracked the GC oven temperature, into a glass tube (10 cm × 8 mm), where it was mixed with charcoal-filtered, humidified air (1.5 l min −1 ). The antenna was placed 0.5 cm from the outlet of this tube. The antennal preparation was made by using the excised head and inserting the distal end of the antenna, after cutting the distal segment, into a recording glass electrode filled with Beadle-Ephrussi Ringer. The recording electrode was connected to a pre-amplifier probe (10× ) and then to a high impedance DC amplifier interface box (IDAC-2; Syntech, Kirchgarten, Germany). The reference electrode, filled with Beadle-Ephrussi Ringer, was inserted into the head capsule, and grounded. Fifteen recordings were performed.
Chemical analysis. The pooled MR3 headspace extract was analysed on a combined gas chromatograph and mass spectrometer (GC-MS; 6890 GC and 5975 MS; Agilent Technologies), operated in the electron impact ionization mode at 70 eV. The GC was equipped with fused silica capillary columns (60 m × 0.25 mm, 0.25 μ m film thickness), coated with DB-wax (J&W Scientific, Folsom, CA, USA) or HP-5MS (Agilent Technologies). Helium was used as the mobile phase at an average linear flow rate of 35 cm s −1 . Two micro-litres of the sample were injected. The temperature programmes were the same as for the GC-EAD analysis. Compounds were identified according to retention times (Kovat's indices) and mass spectra, in comparison with custom made and NIST05 libraries (Agilent), and confirmed by co-injection of authentic standards: (± )-α-pinene (CAS no. 7785-70-8; Aldrich, 98%), (− )-β-pinene (CAS no. 18172-67-3; Sigma, 99%), 3-carene (CAS no. 13466-78-9; Aldrich, 90%), (± )-limonene (CAS no. 5989-27-5; Sigma, 97%), nonanal (CAS no. 124-19-6; Aldrich, 95%), decanal (CAS no. 112-31-2; Aldrich, 92%), β-caryophyllene (CAS no. 87-44-5; Sigma, 98.5%) and sulcatone (6-methyl-5-hepten-2-one; CAS no. 110-93-0; Fluka, 96%). For quantification, 100 ng of heptyl acetate (99.8% chemical purity; Aldrich) was added as an internal standard to a 20 μ l aliquot out of the total 400 μ l headspace extract.
Bioassays with synthetic blend. The assays were carried out in the same two-port olfactometer and oviposition bioassay that were used for the natural extract experiments (n = 10). The synthetic blend mimicked the composition and ratio of compounds in the pooled natural extracts of the MR3 rice cultivar (Fig. 1j) . To verify the integrity of the blend, a 2 μ l aliquot of the synthetic blend was dispensed as above. The head space was collected on an aeration column (as above) connected to a glass funnel (20 cm d), suspended over the cotton wick and oviposition substrate, through which air was drawn using a diaphragm vacuum pump (KNF Neuberger, Freiburg, Germany), at 50 ml min −1 for 30 min. The head space volatiles were analysed as above ( Supplementary Fig. 7 ). Synthetic blends were prepared at different doses, in half orders of magnitude, between 1 to 1000 ng of α -pinene in pentane. The ratio among the compounds within the blend was maintained as a constant across all doses. Then, dose-response assays were conducted with the full blend against its solvent control. Subtractive bioassays followed in order to determine the relative activity of the identified components, after establishing the effective release rate (Fig. 1k,l) .
Semi-field trials with the synthetic blend. Semi-field experiments were conducted in an outdoor screened-in enclosure (10.8 m long × 6.7 m wide × 2.4 m high) at icipe, Thomas Odhiambo Campus, Mbita, Kenya. The ground was covered with sand to a depth of 30 cm for placement of modified BG Sentinel traps (Biogents AG, Regensburg, Germany) 45 . The traps, containing 4 l of distilled water, were recessed in the corners of the screened house at a distance of 1.5 m from the two adjacent walls. The experimental design used was a randomized complete block design and was performed under ambient environmental conditions. Preliminary trials were conducted to determine the attractiveness of the full synthetic blend dissolved in heptane (Merck, Darmstadt, DE), with release rates between 3 to 100 ng min −1 of α -pinene within the blend with four replications to identify the optimum release rate for the test system. The blend was released by diffusion from a wick dispenser made out of a 2 ml glass vial with a pin hole in the centre of the cap through which a cotton wick encased in Teflon protruded into the air 46 . The wick dispenser allows for the release of all compounds in constant proportions throughout the experiment. Heptane was used as a solvent to allow for the release of compounds throughout the course of the experiment. Two hundred gravid mosquitoes were released in the evening (18:00) and the number of females recaptured in each catch bag were counted at 08:00. Thereafter, trials were carried out using the most cost-effective release rate of 3 ng min −1 for 12 nights with the same number of gravid mosquitoes. Furthermore, controls vs. control trials were performed in which the attraction to both traps baited with heptane was evaluated, with the same number of mosquitoes and replications as above. Dissection of the females post-assay confirmed that 100% of the mosquitoes caught in the experiments were gravid.
Statistical analysis. The attraction (AP) and oviposition (OP) preference for the laboratory assays were determined using indices generated by (T − C)/(T + C); whereas a proportion (Pr) was calculated for the semi-field bioassays: Pr = T(C)/(T + C). T is the number of mosquitoes or eggs associated with the test odours and C the number of mosquitoes or eggs associated with the control odours. The behavioural responses of gravid An. arabiensis in the two-port olfactometer and oviposition bioassay were analysed using a nominal logistic fit model, in which choice was the dependent variable, weighted by the number of (1) mosquitoes in the attraction assays and (2) eggs laid in the oviposition assays, with dose as the independent fixed effect and replicate as a random effect (JMP ® Pro 12.0.1. SAS Institute Inc., Cary, NC, USA). Here, we report the χ 2 and p-value from the Likelihood Ratio Test. The data from semi-field experiments were analysed by using R software (version 3.00) with generalized linear model (GLZ) using a quasi-binomial distribution in R statistical software version 2.13 47 .
